We synthesized star-shaped pentagonal microcrystals of boron carbide with an extremely low carbon content (~5%), from m-carborane under high pressure (7 GPa) and high temperature (1370-1670 K). These crystals have five-fold symmetry and grow in the shape of stars. A 5-fold symmetry in large micron-sized crystals is extremely rare making this a striking observation.
Introduction
Boron carbide is characterized by a unique combination of properties that makes it the material of choice for a wide range of engineering applications [1] . Boron carbide has attracted the attention of chemists, physicists, and material scientists because of its low density, high hardness, high melting point, excellent ballistic performance, high temperature semi-conductivity, and chemical inertness [2] .
There are several theoretical predictions stating that boron-rich solids are great candidates for semiconducting quasicrystals because they have a variety of semiconducting crystalline structures with icosahedral clusters (B 12 ) [3] [4] [5] . Several boron-rich quasi-crystalline structures have been obtained. Massive icosahedral quasicrystals were observed during the arc evaporation of carbon and boron [6] . Two dimensional (2D) boron carbide nanomaterials with a belt-like morphology, based on icosahedra were found in the material obtained by heating boron oxide in a graphite mold up to 1950 • C with an exposure for 1 h [7] . The size of such crystals reaches ten microns.
The effect of carbon concentration on the structure parameters of boron carbide obtained by self-propagating high-temperature synthesis was studied in more details in Ref. [8] . According to the phase diagram the parameters of the unit cell change only slightly, when the amount of carbon in the system is in the range from 5% to 8%. In this report we demonstrate that the micron size quasicrystals of boron carbide with small carbon content (~5%) and a five-pointed star shape are formed under high pressure and high temperature (HPHT). The volume of the unit cell of these microcrystals appears to be the largest among all the boron carbide phases. The observation of pentagonal star-shaped boron carbide microcrystals has not been reported before.
Materials and Methods
For high pressure synthesis we used 1,7-bis(hydroxymethyl)-m-carborane 99.7% purity [9] with the formula HOCH 2 CB 10 H 10 CCH 2 OH (Aviabor, Dzerzhinsk, Russia) and its powder mixtures with lamp soot 99.0% purity (H. Schminke & Co, Germany). The thermobaric treatment was carried out in a high pressure chamber type "toroid" in a pressure range from 5 to 8 GPa and temperatures from 970 to 1770 K. The exposure time varied from 30 to 120 s. Lithographic stone cell was compressed between two hard metal anvils with a specific profile [10] . The scheme of the cell inserts was described in reference [11] . The temperature gradient over the sample height was about 100 K.
HUBER Imaging Plate Guinier camera G670 (CuKα 1 radiation, λ = 1.5405981 Å, Huber Technology, Tutzing, Germany) was used for X-ray diffraction measurements. Study of the microstructure and elemental composition analysis was conducted by a scanning electron microscope (SEM) FEI HELIOS NanoLab 660 equipped with AMETEK EDAX (Hillsboro, Oregon, USA, electron dispersive X-ray spectroscopy) microanalysis system. Raman spectra were collected at room temperature using TriVista 555 triple grating spectrometer with a liquid-nitrogen-cooled charge coupled device (CCD) detector. A 488 nm line of the Ar + ion laser was used for excitation. To avoid overheating or burning out of the samples, the laser power was kept at a minimum (approximately 0.5 mW) and the Olympus BX51 (Olympus, Tokyo, Japan) microscope with 50× objective was used for laser focusing and scattered light collection. Positions of the Raman peaks were obtained by fitting peaks with Gaussian shape function using Grams 7.0 software (Paisley, UK) software Background correction was done using polynomial sextic spline functions imbedded in Grams 7.0 software.
Results
The m-carborane is a white powder. Under ambient pressure it has a melting point of 542 K. The thermobaric treatments conducted at 7 GPa demonstrate that under pressure m-carborane remains stable at 1220-1270 K. As the temperature increases above 1270 K it melts and decomposes. For 30-120 s, a novel phase of boron carbide emerges from the fluid phase.
The synthesized phase of boron carbide consists of individual crystals. The color of crystallites varies from light orange to burgundy indicating the presence of residual hydrogen in the crystal lattice [12] . The most interesting feature of the novel phase is that its crystals have the form of a pentagonal star (Figure 1 ). Such morphology of the particles reflects their cyclic twinning along axes of the fifth order. Symmetry of the fifth order is a characteristic feature of quasicrystals [13] . The particles' size depends on the synthesis parameters and the temperature gradient in the chamber and ranges from 0.5 to 5.0 µm. It is assumed that the crystals have good faceting because they are surrounded by C-H fluid formed during the m-carborane decomposition. The X-ray diffraction patterns with the Miller indices of the quenched samples are shown in Figure 2 . The X-ray spectrum of the B 13 C 2 was added as a reference. The set of peaks of the star-shaped micro-crystallites is similar to that of B 13 C 2 , indicating a similarity of the symmetry of the unit cells. The X-ray pattern of the carbide obtained from m-carborane was indexed with a hexagonal lattice. The volume of the unit cell was found to be 343.16(5) Å 3 (a = 5.6812(6), c = 12.277(6) Å) and appeared to be the largest among boron carbide phases. The numbers in parentheses are estimated standard deviations. Because of the large number of defects, the diffraction peaks of the star-shaped boron carbide are broad (Figure 2 ). It did not allow us to refine its structure using the Rietveld method. Raman spectra of star-shaped boron carbide microcrystals have also rather wide peaks (Figure 3) probably because of the small size of carbide crystals and numerous defects inside the microcrystals. 
Discussion
The presence of a large number of twins and packing defects in boron carbides with low carbon content was confirmed by transmission electron microscopy (TEM) [14, 15] . The pattern of Raman peaks of the star shaped boron carbide microcrystals is similar to that of the single crystal boron carbide (20 at% carbon) measured in Ref. [16] . However, there is a significant difference in the height ratio of Raman peaks at 481 and 529 cm −1 . The sharp peak at 481 cm −1 is associated with stretching of three-atom chains and the 531 cm −1 mode represents the rigid rotation of icosahedra [16] . The difference in relative intensity of these peaks may be attributed to the effect of the carbon concentration on the Raman scattering cross-section of the correspondent vibrations. For instance, a strong dependence of Ti concentration on relative intensity of Raman peaks was found in Raman spectra of titanomagnetite [17] .
Five-fold twinned boron carbide nanowires were revealed in a product of solid state reaction of Fe 3 O 4 , BaO and amorphous boron powders at 1100 • C for 2 h in a tube furnace protected by a flowing Ar atmosphere [18] . It was suggested that the source of carbon was the remains of the organic binder used to form the pellet. The five-fold cyclic twinning relationship was confirmed by systematic axial rotation of electron diffraction. Recently, the controlled synthesis of multilayered structure of star-shaped B 6 O particles was reported [19] . The literature review revealed that the formation of star-shaped microcrystalline particles was not observed in the boron carbide system.
The formation of star-shaped microcrystals was accounted for at a low concentration of carbon in the boron carbide system. Measurements of the elemental composition of individual boron carbide microcrystals showing a low carbon content (~5%) are in an agreement with the results presented in Refs. [8, 20] , in which the influence of the boron content on the lattice parameter of boron carbide was analyzed. The unit cell volume only slightly changes in the carbon concentration range of 5%-10.5% [8] . In this concentration range the average value is around 340 Å 3 . It was found that the cell volume decreases from 339.5 A 3 to 328.0 A 3 with an increase in carbon concentration from 8% to 20% atom. It indicates that the replacement of boron atoms by carbon in the chain connecting the icosahedra leads to a decrease in cell parameters. The parameter a of the rhombohedral unit cell decreases from 5.643 Å to 5.595 Å when the composition of boron carbide phase changes from B 11 C to B 4.3 C [1, 20] . At the same time, the parameter c of the rhombohedral unit cell remains unchanged in the composition range from B 11 C to B 13 C 2 and then decreases from 12.173 to 12.07 Å.
Therefore, the concentration of carbon in our crystals may be even smaller than 5%, taking into account the large unit cell volume (343.16(5) Å 3 , a = 5.6812(6), c = 12.277(6) Å). The star-shaped microcrystals have a maximal size of the unit cell among all known boron carbide phases. The lattice parameters of boron carbide depend on the number and positions of carbon atoms in the icosahedra-binding chain. Hydrogen can be incorporated in the boron carbide rhombohedral framework without increasing the volume of the unit cell [21] .
The pentagonal stars were synthesized only from m-carborane. When an equal mass of the lamp soot (particle size from 20 to 90 nm) and the m-carborane were mixed, the transformation path has changed: the mixture transforms to graphite or diamond phases depending on the HPHT. A disordered graphite-like phase and poorly crystallized boron carbide were formed at a pressure of 6 GPa and a temperature of 1370 K. Increasing the pressure and the temperature of the treatment, led to a phase transition of graphite to diamond. At 8 GPa and 1870 K, the mixture transformed into two phases: boron carbide and boron doped diamond. The volume of the boron carbide unit cell was found to be 325.7 Å 3 (a = 5.59 Å, c =12.05 Å) corresponding to the composition of B 4 C. No star-shaped microcrystalllites were detected.
Conclusions
In summary, here we report the formation of star-shaped pentagonal microcrystals of boron carbide with extremely low carbon content (~5%) from m-carborane under high pressure of 7 GPa and temperature of 1370 K. The microcrystals exhibit a five-fold symmetry and grow in the shape of stars. The five-fold symmetry is a characteristic feature of quasi-crystalline solids. The unusual shape of the pentagonal microcrystals makes them unique for developing novel micro-machines and semiconductor micro-devices.
